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Electrochemistryochemical conditions with slow cyclic voltammetry sweep rates we have been
able to probe catalytic events at the molybdenum active site of sulﬁte dehydrogenase (SDH) from Starkeya
novella adsorbed on an edge plane graphite electrode within a polylysine ﬁlm. The electrochemically driven
catalytic behaviour of SDH mirrors that seen in solution assays suggesting that the adsorbed enzyme retains
its native activity. However, at high sulﬁte concentrations, the voltammetric waveform transforms from the
expected sigmoidal proﬁle to a peak-shaped response, similar to that reported for the molybdenum enzymes
DMSO reductase and nitrate reductase (NarGHI and NapAB) where a redox reaction at the active site has
been associated with a switch to lower activity at high overpotentials. This is the ﬁrst time a similar
phenomenon has been observed in a Mo-containing oxidase/dehydrogenase, which raises a number of
interesting mechanistic problems. The potential at which the activity of SDH becomes attenuated only
emerges at saturating substrate conditions and occurs at a potential (ca. + 320mV vs NHE) well removed from
any known redox couple in the enzyme. These results cannot be explained by the same mechanism adopted
for DMSO reductase and nitrate reductase catalysis.
© 2008 Elsevier B.V. All rights reserved.1. Introduction
Adsorption of oxidoreductase enzymes on a chemically modiﬁed
electrode, a technique known as protein ﬁlm voltammetry, allows
direct electron transfer between the enzyme and the electrode,
enabling electrochemically driven catalysis [1]. The electrode
replaces the natural electron exchange partner of the enzyme,
whilst conﬁnement of the enzyme to the electrode surface
overcomes the disadvantage of slow enzyme diffusion to the
electrode surface. Ideally the enzyme retains its full native activity
whilst conﬁned to the electrode [2,3]. A powerful feature of the
method is that the catalytic activity of the enzyme can be
investigated as a function of electrochemical potential. The operat-O, dimethyl sulfoxide; Cys,
ﬁte oxidase; PSO, plant sulﬁte
ydroxymethyl)-methylammo-
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l rights reserved.ing potential of an enzyme relates to the minimal electrochemical
driving force which must be provided for catalysis and is typically in
the vicinity of the formal potential of the enzyme's physiological
redox partner [4].
A class of enzymes thatwe [5–9] and others [10–16] have studied in
some detail is the mononuclear Mo enzymes, which catalyze 2-
electron, 2-proton, O-atom transfer reactions on a remarkable array of
organic and inorganic substrates. Hille has classiﬁed these enzymes
into three families according to the coordination environment of the
Mo active site; the xanthine oxidase, sulﬁte oxidase and DMSO
reductase families [17]. TheMo active sites all cycle between theirMoVI
and MoIV oxidation states and an oxo or hydroxo ligand is exchanged
between the substrate and Mo during turnover. Although the MoVI
form is the active oxidation state for the oxidase/dehydrogenase
enzymes and the MoIV form is active for the reductases, the MoV
oxidation state is often a stable intermediate.
The sulﬁte oxidase family of Mo enzymes share an active site
comprising a ﬁve-coordinate Mo ion bearing a single molybdopterin
chelating ligand, a Cys residue and two oxo ligands in its MoVI form
(Fig. 1). The most intensively studied members of this family [18]
comprise the human and chicken sulﬁte oxidases (HSO and CSO),
plant sulﬁte oxidase (PSO) and a sulﬁte dehydrogenase (SDH) isolated
from the soil bacterium Starkeya novella [19]; the subject of this
investigation. In each case, the oxidation of sulﬁte to sulfate involves
transfer of the equatorially coordinated oxo ligand (Fig. 1) to the
substrate and this is summarised in Eq. (1). The sulfate ligand is then
Fig. 1. Active site of enzymes from the sulﬁte oxidase family.
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MoVI state for catalysis to continue.
O ¼ MoVI þ SO2–3 ⇌MoIV–OSO3 ð1Þ
SDH is a heterodimer comprising molybdenum and heme c
binding subunits [19] and these separate subunits occupy ﬁxed
positions relative to one another during catalysis [20,21]. This is in
contrast to CSO [22] and HSO where a heme b domain is connected to
the molybdenum binding domain by a ﬂexible hinge. The heme
cofactor is the site at which electrons are passed to the co-substrate
(dioxygen) or electron transfer partner (cytochrome c). No heme
cofactor has been identiﬁed in PSO [23] which highlights important
mechanistic diversity within this family.
In an earlier paper [6] we reported both non-turnover and the
electrocatalytic voltammetry of SDH. However, some interesting
features of the voltammetry from SDH were apparent including a
non-ideal peak-shaped catalytic waveform rather than the expected
sigmoidal proﬁle characteristic of a classical steady state voltammo-
gram [2,24]. Similar features have continued to appear in the Mo
enzyme electrochemistry literature over the recent years with nitrate
reductases NarGH and NapAB [10,11,15,16] and DMSO reductase [12]
(all members of the DMSO reductase family). There has been progress
toward a unifying mechanism that explains this non-ideal behaviour
and this has involved MoV participating as an important intermediate
in the catalytic mechanism [25]. This is an interesting proposition and
one that we have considered here with SDH; notably an oxidizing
enzyme as opposed to all other Mo (reductase) enzymes that have
shown this feature. The mechanistic consequences of this reversal in
reaction direction are very important as we shall illustrate.Fig. 2. Catalytic cyclic voltammogram of SDH adsorbed on a kanamycin-modiﬁed EPG
electrode in the presence of 90 μM sulﬁte (solid curve) and without sulﬁte (broken
curve). Experimental conditions: pH 8.0, sweep rate 5mV s−sec−1, electrode rotation rate
500 rpm, 298K. The arrow indicates the sweepdirection and the catalytic current at high
potential ilim is shown.2. Materials and methods
2.1. Materials
SorAB (SDH) was puriﬁed from a heterologous expression system
in Rhodobacter capsulatus described previously [26]. All reagents used
were of analytical grade purity and used without any further pre-
treatment. All solutions were prepared in puriﬁed water (Millipore,
18.2 MΩ.cm). Tris acetate (20 mM) was used for experiments
conducted in the pH range of 7.5 to 8.5. When a wider pH range (6–
10) was investigated, a buffer mixture containing both bis–tris
propane (10 mM) and 2-amino-2-methylpropan-1-ol (10 mM) was
used, titrated with acetic acid to give the desired pH. Sulﬁte and
inhibitor anions investigatedwere added from a stock solution, freshly
prepared in a solution of tris acetate (50mM), pH 8.8with 5mMEDTA.
2.2. Electrochemical measurements and electrode preparation
Cyclic voltammetry and chronoamperometry were carried out
with a BAS100B/W electrochemical workstation using a three
electrode system consisting of an edge plane pyrolytic graphite
(EPG) working electrode, a platinumwire counter electrode and a Ag/
AgCl reference electrode (+ 196mV vs NHE). All potentials have beencorrected relative to NHE. Experiments were carried out in Ar purged
solutions on the bench or within a Belle Technology anaerobic box
under an atmosphere of N2 (O2b10 ppm) at 25°C. The working
electrode was attached to a BAS RDE-3 rotating disk cell stand and
rotated typically at 500rpm.
The working electrode (surface area ~0.1cm2) was prepared by
cleaving a 1μm layer from the face of the electrode with a microtome
and then cleaned by sonication in MilliQ water. No abrasives were
used. The enzyme (2μL, 25 μM) was co-adsorbed onto the dry exposed
graphite electrode surface with 2μL solutions of either polylysine
(1mg/mL), chitosan (10mg/mL), polyethylene imine (5% v/w) or
kanamycin (10mg/mL) then air dried at 4 °C for ca. 3h.
In a typical cyclic voltammetry experiment, the potential was
cycled between −100 mV and +400 mV vs NHE with an electrode
rotation rate of 500rpm and a scan rate of 5 mV s−1. Enzyme ﬁlm
degradation over time (as judged by periodic monitoring of the
current obtained from standard solutions) was negligible. In multi-
sweep experiments 5cycles were carried out consecutively. Chron-
oamperometric determinations of catalytic current were carried out
by poising the rotating electrode at the potential of the maximum
catalytic current (determined from cyclic voltammograms) in the
presence of various concentrations of substrate and inhibitors.
2.3. Analysis of voltammogram shape
Voltammograms were analyzed using approaches described
previously [24]. The magnitude of the catalytic current was
determined by subtracting the voltammogram obtained from an
experiment carried out in the absence of substrate using the
BAS100W software (vers. 2.3). Plotting the steady state catalytic
current (ilim, Fig. 2) as a function of sulﬁte concentration allowed the
determination of the electrochemical Michaelis constant (KM,sulﬁte)
according to Eq. (2), where imax is the catalytic current at saturating
substrate concentrations.
ilim =
imax½SO2−3 
KM;sulfite + ½SO2−3 
ð2Þ
The catalytic potential and the steepness of the voltammetric
sigmoidal waveform were determined from the ﬁrst derivative
Fig. 3. (A) The pH dependence of SDH catalytic voltammetry (anodic sweeps shown for
clarity). Conditions: 300 μM sulﬁte, sweep rate 5 mV/s, rotation rate 500 rpm. Note the
−59 mV/pH unit shift of the catalytic wave as well as the decline in current above and
below the pH optimum of 8; (B) the pH dependence of the catalytic potential (Ecat, black
diamonds) reported here relative to the MoVI/V (grey circles), MoV/IV (grey triangles) and
heme (FeIII/II, grey squares) redox potentials of SDH determined previously in Ref. [6].
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potential is obtained from the maximum in the ﬁrst derivative
voltammogram. The steepness of the wave, determined from the
width of the ﬁrst derivative at half height (δ), allows the cooperativity
coefﬁcient (apparent number of electrons, napp) transferred in the rate
deﬁning step of catalysis to be calculated from Eq. (3):
δ =
3:53RT
nappF
=
90:6
napp
mV at 25 ˚ C ð3Þ
3. Results
3.1. Optimisation of experimental conditions
For the theoretical models developed by Heering et al. [24] to be
applied in a useful way it is important to ensure that the overall
catalytic reaction is not impaired by slow substrate diffusion or
sluggish interfacial electron transfer. Substrate depletion at the active
site occurs when the rate of the enzyme–substrate reaction exceeds
the rate at which substrate can be replenished by diffusion alone. This
problem may be overcome through rotating disk voltammetry (RDV)
to provide a constant and rapid delivery of substrate to the active site
[24].
The correct choice of working electrode surface and co-adsorbate
is critical in ensuring effective interfacial electron transfer and also in
stabilising the adsorbed enzyme ﬁlm. Enzyme desorption can be
problematic under the hydrodynamic demands of RDV. On the basis of
reproducibility and magnitude of the response, kanamycin was
initially chosen as the preferred electro-inactive co-adsorbate (or
promoter) to stabilise the SDH ﬁlm whilst adsorbed on an edge plane
pyrolytic graphite (EPG) rotating disk working electrode. However, the
kanamycin-SDH ﬁlmwas not stable above pH 8.5. The aminoglycoside
kanamycin bears four primary amino groups with pKa values in the
range 6.2–9.0 [27]. Therefore, above pH 8.5 most of the positive charge
of kanamycin that is essential in forming a stable ternary systemwith
(negatively charged EPG and SDH) is lost and the ﬁlm desorbs from the
electrode. By contrast, the (polymeric) promoter polylysine formed a
more stable (though somewhat less active) enzyme ﬁlm over the
entire pH range investigated and this was used for full range pH-
dependent experiments. Under the hydrodynamic electrochemical
conditions employed with efﬁcient electron transfer between the
electrode and the enzyme, the rate limiting event in the catalytic cycle
was the enzyme–sulﬁte reaction.
The catalytic cyclic voltammetry of SDH under hydrodynamic
conditions comprised a sigmoidal waveform in the presence of sulﬁte
commencing ca. + 100 mV vs NHE (Fig. 2, solid curve) and reaching an
approximate plateau current at high potential (ilim) where the active
MoVI form of the enzyme was continually and rapidly regenerated. In
the absence of sulﬁte and under the speciﬁc conditions employed
here, no responses from the Mo or heme cofactors were obtained (Fig.
2, broken curve) and this voltammogram served as a blank which
could be subtracted from all other catalytic voltammograms. Our
previous study using other promoters including a surfactant DDAB
enabled the resolution of non-turnover signals from the heme andMo
cofactors [7]. In control experiments, when no enzyme was present,
only direct sulﬁte oxidation was observed at a signiﬁcantly higher
potential (N +400 mV, Supplementary Fig. S1). These results indicate
that the observed current is due to an electrochemically driven
enzymatic oxidation of sulﬁte.
In the absence of electrode rotation the SDH catalytic voltammo-
gram is distinctly asymmetric (Supplementary Fig. S2, broken line).
This is consistent with substrate depletion at the surface of the
electrode [28]. In other words, during the timescale of the sweep, the
substrate concentration gradient at the electrode decreases due to
rapid consumption of sulﬁte by the enzyme and this cannot be com-pensated bydiffusion alone.When the electrode is rotated at 1000rpm,
substrate diffusion is accelerated and a steady state is established. In
this case the forward and reverse voltammetric sweeps are identical
(Fig. 2) when the capacitive component of the current is removed (see
also Supplementary Fig. S2, solid curve). At electrode rotation rates
higher than 500rpm there was no further increase in themagnitude of
the catalytic current, indicating that sulﬁte delivery to the enzyme is
sufﬁciently rapid that the current is only limited by the potential
dependent enzyme–sulﬁte reaction.
To ensure that interfacial electron transfer between the enzyme
and the electrode was fast, the effect of the voltammetric sweep rate
under electrode rotationwas investigated. The voltammetric response
was independent of sweep rates between 1 and 20 mV s−1 indicating
that electron transfer between the electrode and enzyme is facile and
the voltammetric response is not limited by heterogeneous electron
exchange between the enzyme and the electrode at these sweep rates.
A slight change in the symmetry of the forward and reverse
voltammetric sweeps was noted at higher scan rates. Optimal
experimental conditions of 500rpm electrode rotation and 5 mV s−1
Fig. 4. KM,sulﬁte values determined amperometrically (ﬁlled circles) with SDH
immobilised in a polylysine ﬁlm on an EPG electrode with electrode rotation rate of
500 rpm using a buffer mixture of 10 mM bis–tris propane and 10 mM 2-amino-2-
methyl-1-propanol. Comparative data from solution assays (open triangles) were
carried out using horse heart cytochrome c as an electron acceptor [29].
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truly reﬂected the characteristics of the enzyme–substrate reaction.
3.2. Catalytic properties: pH and substrate dependence
The effect of pH on the voltammetric response of SDH was
investigated whilst keeping the sulﬁte concentration constant and
high (Fig. 3A). A pH dependence of −59 mV per pH unit was observed
for the catalytic half-wave potential Ecat that tracks the potential of the
MoVI/V couple reported earlier (Fig. 3B) [7,29]. The pH dependence is
consistent with a single-electron, single-proton-coupled redox reac-
tion fromHO–MoV to O=MoVI. A similar pH dependencewas seen at all
sulﬁte concentrations investigated (300 μM to 3 mM).
At each pH investigated, the catalytic current at high potential
increasedwith sequential additions of sulﬁte and then reached a plateau
at high substrate concentrations. The substrate dependence of ilim
followed Eq. (2) and electrochemical Michaelis constants were obtained
across the pH range 6–10. The results are presented in Fig. 4 and Table 1
in comparisonwith the data determined from solution chemical assays
with horse heart cytochrome c as the electron acceptor [30].
The electrochemical KM,sulﬁte values for electrode-immobilised SDH
were very close to those seen in solution assays using horse heart
cytochrome c as an electron acceptor. In both cases, KM,sulﬁte increases
steeply above pH 8.5. This characteristic change in substrate afﬁnity at
higher pH has been reported in all sulﬁte oxidizing enzymes to date
[31,32]. Deprotonation of a universally conserved Tyr residue (Tyr236)
close to the sulﬁte binding site on the Mo ion has been often associated
with this rise in KM,sulﬁte at high pH. However, our recent report of the
crystal structure and enzymology of a Tyr236Phe variant of SDH, which
also shows a rise in KM,sulﬁte at high pH despite the absence of an
ionisable phenol group at the active site, suggests that there may be
more than one deprotonation involved in this change in activity [29].
3.3. Voltammetric waveform
The cyclic voltammetric waveform was analyzed with methods
previously described by Heering et al. using three parameters; theTable 1
The effect of pH on KM,sulﬁte (μM) and on the degree of distortion of the ideally sigmoidal
waveform (expressed as the ratio of limiting (high potential) to peak (maximum)
currents for SDH within the pH range 7.7 to 8.5
pH KM (μM, at peak potential) KM (μM, at high potential) ilim/ipeak
7.7 12±0.59 (294 mV) 12.5±0.64 (360 mV) 0.9±0.05
8.0 63±3 (264 mV) 54±3 (345 mV) 0.85±0.05
8.5 283±26 (244 mV) 269±37 (345 mV) 0.77±0.05high potential current magnitude (ilim), the number of electrons
transferred in the rate deﬁning step (napp), and the catalytic operating
potential (Ecat) [24]. The voltammetric responses of SDH at 60 and
300µM sulﬁte are shown in Fig. 5A. From Eq. (3), the number of
electrons transferred in the rate deﬁning step can be calculated from
the peak width at half height (δ) of the ﬁrst derivative voltammogram
(Fig. 5B). A value of δ ~100 mV (napp=0.9≈1) was found, which did not
vary signiﬁcantly as a function of either substrate concentration or pH.
The most important point is that a cooperative 2-electron transfer
(napp=2) at the active site can be ruled out. Note that napp is distinct
from the obligate 2-electron stoichiometry of the sulﬁte oxidation
reaction.
Our previous studies [7,29] have determined that the MoVI/V and
MoV/IV redox potentials are well separated and that the MoV form is
dominant in the potential range −100 to +150 mV vs NHE. Within the
potential range of the voltammograms presented in Fig. 1, MoIV is
never present (except transiently following turnover). In other words
only the components of the FeIII/II couple of the heme and the MoVI/V
couple are addressed within the potential ranges shown. The pH
dependence of the catalytic potential and the approximately one
electron (napp = 0.9) stoichiometry of the rate deﬁning redox reaction
suggests that the MoVI/V couple is being addressed directly. The heme
redox potential is pH independent [7] and if this was the site that
exchanged electrons wewould not expect themarked pH dependence
of Ecat apparent in Fig. 3B.Fig. 5. (A) The effect of sulﬁte concentration (60 and 300 μM) on the voltammetric
waveform of SDH immobilised on a kanamycin-modiﬁed EPG electrode (pH 8.0,
500 rpm, 5 mV/s); (B) the ﬁrst derivative of the catalytic current (di/dE) with respect to
applied potential at increasing sulﬁte concentrations. The switch potential (Esw) is
indicated.
Table 2
Percentage inhibition of sulﬁte oxidase activity determined amperometrically at 270mV
vs NHE with SDH immobilised in a polylysine ﬁlm (pH 8.0, 300 μM sulﬁte) and
comparative solution assay data
Inhibitor Electrochemical activity at 100 mM
inhibitor concentration
Inhibitor conc. for 50 % inhibition
in solution assays (ref. [19])
SO42− 19% 15 mM
Cl− 30% 50 mM
HPO42− 18% 20 mM
NO3− 37% 3 mM
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increasing substrate concentration was the change in voltammogram
shape (Fig. 5A). At low sulﬁte concentrations (b 90 μM) the expected
sigmoidal voltammogram shape was obtained. However, as the
substrate concentration increased towards saturating levels, the
voltammogram became distinctly peak-shaped i.e. the current
decreased as the catalytic potential was traversed. This change is
more clearly illustrated by the accompanying ﬁrst derivative voltam-
mogram (Fig. 5B)where a pronounced trough appears at high potential
(labelled Esw). Ideally the catalytic current should reach a plateau and
remain potential independent thenceforth under steady state condi-
tions. Attenuation of enzymatic activity at high potential (at saturating
concentrations of sulﬁte) was seen in all cases regardless of the
promoter or buffer that was employed.
From inspection of the ﬁrst derivative voltammogram (Fig. 5B), the
catalytic potential (Ecat) appears to shift slightly to higher potential
with increasing sulﬁte concentrations. However, as the distortion from
an ideal sigmoidal wave becomes greater (with increasing sulﬁte
concentration), the trough in the high potential region of the ﬁrst
derivative voltammogram grows in intensity. This distortion of the
ideally symmetrical peak-shaped ﬁrst derivative voltammogram leads
to an apparent shift of the maximum to higher potential. In other
words, the maximum in the ﬁrst derivative voltammogram, which
would coincide with Ecat in an ideally sigmoidal voltammogram, does
not accurately reﬂect the catalytic potential. Therefore, we have no
evidence that Ecat is dependent on sulﬁte concentration under these
conditions.
Peak-shaped voltammetry under ideally steady state conditions
has been modelled by other groups as a convolution of two ideally
sigmoidal voltammograms which are related by a redox switch at
potential Esw [11,12,15,16,33]. In all cases the activity at high over-
potential (driving force) was assumed to be lower than at moderate
overpotentials thus leading to amaximumpeak current that decreased
to a plateau as the driving force increased. The potential at which the
enzyme switches from high to low activity of Esw is most easily
resolved in the ﬁrst derivative voltammogram [11,12] (which corre-
sponds with the inﬂection point after the peak current is traversed in
the normal voltammogram).
We have analysed our data in the same manner (Fig. 5B). It is
apparent that there is very little change in Esw as sulﬁte concentration
is raised. However, the sigmoidal waveform becomes more (not less)
distorted at higher sulﬁte concentrations; the exact opposite of that
seen in voltammetry studies of other Mo enzymes [11,16].
The degree of current attenuationwas quantiﬁed as the ratio of the
current at high potential (ilim) over themaximum(peak) current (ipeak).
This ratio ilim/ipeak reached a minimum of 0.77 ± 0.05 at pH 8 (Table 1).
The pH dependence of the waveform was also investigated, but this
could only be done over a relatively narrow range. Below pH 7.7 the
catalytic waveform and direct (non-speciﬁc) sulﬁte oxidation wave
overlap thereby masking any attenuation that might be occurring.
Indeed below pH 6 no catalytic current could be seen. This is due to (i)
the anodic shift of the catalytic wave close to the non-enzymatic sulﬁte
oxidation response (Supplementary Fig. S1) and (ii) the inherently
lower activity of the enzyme at pH 6 [7,19], both apparent in Fig. 3A.
Above pH 8.5 much larger KM values demanded high sulﬁte
concentrations to saturate the enzyme, which also increased inter-
ference from the non-enzymatic sulﬁte oxidation current.
With kanamycin as a promoter for SDH electrochemistry and
within the range 7.7bpHb8.5, interference from direct sulﬁte
oxidation on the catalytic waveform was negligible. The KM,sulﬁte
values in this pH range were compared for the potential regions of
maximal and attenuated catalytic activity (Table 1). It is apparent that
there is very little difference between the KM,sulﬁte values at the peak
(optimum) potential or at high (attenuated) potential within the pH
range investigated and so we can only conclude that the origin of the
peak-shaped voltammetry is not due to proton transfer effects at theactive site at least within the pH range that we have been able to
probe. This is distinct from the work of Heffron et al. where signiﬁcant
pH dependence of the catalytic voltammetric waveform was indica-
tive of rate limiting protonation events at the active site in E. coli
DMSO reductase [12].
3.4. Inhibition effects
The use of inhibitors has helped determine the nature of catalytic
attenuation especially in nitrate reductases where azide and thiocya-
nate are both competitive inhibitors [15]. Sulﬁte oxidizing enzymes
have a number of known inhibitors such as phosphate, chloride,
nitrate and the enzyme product sulfate [19,34]. The relative effects of
these anions on SDH activity were investigated (Table 2). Interestingly,
all of the anions investigated here were much weaker inhibitors of the
electrode-conﬁned enzyme than has been observed before in solution
assays [19]. Indeed, 50% enzyme inhibition was unattainable at
experimentally practical anion concentrations that did not perturb
the solution ionic strength. Therefore, the percentage inhibition at
100 mM concentrations of each inhibitor was determined to enable a
comparison to be made. Although the inhibitor anions attenuated the
catalytic current to varying degrees, they had no effect whatsoever on
the voltammetric waveforms and the peak-shaped proﬁles remained.
4. Discussion
Introducing the potential domain to enzyme catalysis through
protein ﬁlm voltammetry has led to a number of interesting and
unexpected insights into the analysis of enzyme mechanism [1,2]. An
increasing number of enzymes do not exhibit the expected ideal
sigmodial voltammetric response predicted by the steady stated
models developed by Heering et al. [24]. Of particular interest here are
Mo enzymes that show an apparent potential-optimised activity,
namely the nitrate reductases (NapAB and NarGH) and E. coli DMSO
reductase [11,12,16]. In an attempt to explain the origin of these
unexpected voltammetric responses it has been proposed that
substrate binding can occur to intermediate redox states of the active
site which themselves are not catalytically competent [4,25].
Speciﬁcally it has been suggested that MoV may play an important
mechanistic role whereby either substrate or proton binding occurs to
MoV in a kinetically favoured pathway [12,16]. A number of models
have been developed to explain such phenomena, which combine
high and low activity steady state (sigmoidal) functions linked by a
redox event at potential Esw [11,12,15]. Recently Leger and co-workers
have extended this model to include other events during the catalytic
cycle in an effort tomodel similar complex wave shapes. However, this
model only applies to low substrate concentrations [4,16]. In the
present study we have observed the exact opposite phenomenon i.e.
distortion from an ideal sigmoidal waveform only emerges at high
substrate concentrations.
There are a number of reasons why we believe that the results we
present here for an oxidising Mo enzyme cannot be explained by the
models developed for corresponding reducing Mo enzymes. The
observed attenuation in enzymatic activity of SDH occurs at a
potential (Esw ca. +320 mV vs NHE) much higher than any other
Fig. 6. Simpliﬁed catalytic schemes for (A) a typicalMo reductase (nitrate reductase) and
(B) Mo oxidase/dehydrogenase (sulﬁte dehydrogenase). In (A) the two competing
pathways for substrate binding with rate constants kV,on (operative close to catalytic
potential) and kIV,on (operative at large overpotential)) are proposed [15] to be
sufﬁciently different to lead to the potential dependence of catalysis. In (B) there is no
corresponding rate discrimination as sulﬁte can only interact with the MoVI form.
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166mV vs NHE at pH 8) [7,29]. This result is in contrast to other
reported cases of peak-shaped Mo enzyme voltammetry where the
optimal potential window for enzymatic activity coincided with the
region in which the MoV active site underwent a change in oxidation
state [12].
All Mo enzymes reported to date that have shown an optimal
potential window of activity are (nitrate or DMSO) reductases. In this
work we report a similar phenomenon in an oxidising Mo enzyme.
This requires a reversal in the order of events at the active site during
catalysis, as illustrated in Fig. 6. In the reductases, the substrate
coordinates to Mo ion prior to turnover and this may involve either
MoV, with rate kV,on, or MoIV, with rate kIV,on (Fig. 6A). Three different
groups have each proposed models [11,12,16] of similar origin to
explain the phenomenon of potential optima in Mo enzyme
voltammetry. The current consensus view is that substrate binding
to MoV is faster than to MoIV and that at large overpotentials, the
slower pathway becomes dominant (MoV is bypassed electrochemi-
cally). In SDH (and other sulﬁte oxidising enzymes) the oxo ligand is
transferred to the substrate in what is essentially a concerted 2-
electron, O-atom transfer (Eq. (1)). In the present case there is only
one pathway to the Michaelis complex (Fig. 6B) thus we cannot
identify separate potential dependent, rate limiting events that would
explain the attenuation of activity at higher potential. Furthermore the
emergence of this feature at high sulﬁte concentrations is at odds with
previous results of reductase enzymes.
We note that EPG itself exhibits voltammetric responses due to
proton coupled oxidation/reduction reactions of phenolic residues on
the surface of the electrode i.e. quinone/hydroquinone couples [35],
and these processes will alter the electrostatic and H-bonding
properties of the surface as a function of potential. It is conceivable
that this could affect the orientation of the enzyme on the surface
which in turnmayaffect substrate access to the active site or interfacial
electron transfer. At pH 7 the EPG surface redox process appears at ca.
+250 mV vs NHE [35] and exhibits a pH dependence of −59 mV/pH
unit. Although this potential is in the vicinity of Esw (Fig. 5B), the lack of
a pH dependence of Esw in the present case and the emergence of the
peak-shaped waveform only at high sulﬁte concentrations is incon-
sistent with the observed attenuation in activity.It is interesting to note that SDH co-adsorbed with either
kanamycin or polylysine is much less susceptible to inhibition by
anions than has been observed for the freely diffusing enzyme in
solution assays [19]. It is possible that these inhibitor anions are not
binding to theMo at the active site but insteadmay be interferingwith
the enzyme's interaction with cytochrome c in the solution. This
proposal supports the observations from EPR spectroscopy that
revealed the MoV signal is unaffected by anions such as chloride and
phosphate [19], unlike other sulﬁte oxidising enzymes studied.
In conclusion, the bacterial sulﬁte dehydrogenase we have studied
here is an excellentmodel enzyme for probing electron transfer events
occurring at the active site of sulﬁte oxidizing enzymes. The catalytic
behaviour of SDH immobilised on an EPG electrode within a
polylysine ﬁlm mirrors that seen in solution assays suggesting that
the enzyme retains its native activity. The voltammetric response is
not affected by slow intramolecular electron transfer and under the
optimised experimental conditions substrate diffusion limitations
have been overcome. We have not been able to determine the cause of
the unusual peak-shaped voltammetry at high concentrations of
sulﬁte. However, we have been able to conclude that MoV does not
play a rate deﬁning role in the catalytic mechanism of SDH before
turnover. This result is important given the growing number of Mo
enzymes which have been suggested to follow a mechanism in which
MoV intermediates have been implicated. Our voltammetric study has
revealed some interesting inhibition differences between the immo-
bilised enzyme and the enzyme in solution. To try to determine the
origin of the potential optimal behaviour of SDH we are investigating
the direct electrochemistry of SDH variants with changes in key amino
acid residues required for substrate binding and intramolecular
electron transfer.
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